Introduction
Modeling metal cutting processes with the aid of plasticity theory has been of great interest to researchers. Mainly, two fundamental approaches have been extensively researched: ͑1͒ the minimum energy principle ͓1-3͔ and ͑2͒ the slip line field theory ͓2,4͔. The most significant contribution to the field is the parallelsided shear zone theory introduced by Oxley ͓4͔ to predict cutting forces and machining variables in orthogonal cutting by constructing slip line fields around the primary shear zone. Oxley's machining theory uses the dependence of material flow upon strain, strain rate, and temperature to obtain the shear angle and other outputs of interest by considering the workpiece material properties, tool geometry, and cutting conditions ͓5,6͔. Cutting forces, stresses, and temperatures in the deformation zones and on the tool faces are important to model properly tool wear mechanisms and the properties of the finished surface. In an earlier work, Özel and Zeren ͓7͔ presented modifications to Oxley's analysis of machining and proposed a methodology to determine work material flow stress based on the Johnson-Cook ͑JC͒ constitutive model ͓8͔ and friction characteristics at the tool-chip interface by using orthogonal cutting tests. The objective of this study is to obtain cutting forces, stress distributions on the tool rake face, and temperature distributions in the deformation zones. This will be achieved by modeling heat intensity at the secondary shear zone as nonuniform by utilizing the modifications to Oxley's theory proposed by Özel and Zeren ͓7͔ where the secondary deformation zone was modeled as triangular in shape. This approach will enable us to obtain normal and frictional shear stress distributions and lengths of sticking and sliding zones along the tool-chip interface, which will be utilized later to model nonuniform heat intensity as the heat source in the secondary shear zone.
Modeling machining temperatures has attracted many researchers due to the complexity of measuring temperatures during machining. Many analytical models have been proposed to predict temperature distributions in the deformation zones. Pioneering studies were performed by Hahn ͓9͔, Trigger and Chao ͓10͔, Chao and Trigger ͓11͔, Loewen and Shaw ͓12͔, Leone ͓13͔, Boothroyd ͓14͔ and recently by Komanduri and Hou ͓15-17͔ and Huang and Liang ͓18͔.
Constitutive Models for Work Material Flow Stress.
This study considers Johnson-Cook work material models for AISI 1045 steel, AL 6082-T6 aluminum, and AL 6061-T6 aluminum as adapted from Jaspers and Dautzenberg ͓19͔, Adibi-Sedeh et al. ͓20͔ and Johnson et al. ͓21͔ respectively. The JC work material model describes the flow stress of the material by considering strain, strain rate, and temperature effects as given in Eq. ͑1͒.
The constants A, B, C, n, and m of the model are obtained by Split Hopkinson Pressure Bar ͑SHPB͒ tests conducted at strain ranges of 0.05 to 0.2, strain-rate of 7500 l / s, and temperature ranges of 35°C to 625°C by Jaspers and Dautzenberg ͓19͔ for AISI 1045 steel and AL 6082-T6 aluminum alloy as modified by Adibi-Sedeh et al. ͓20͔ as given in Table 1 .
Thermal Modeling of the Cutting Process
Temperature modeling of metal cutting is highly important since it directly affects the process variables such as the cutting forces and the contact length both of which are required to model wear mechanisms. The analytical modeling of steady state temperature in metal cutting presented by Hahn ͓9͔ is based on the heat source method of Jaeger ͓22͔. As shown in Fig. 1 , the temperature rise T M under the effect of the oblique moving band uniform heat source with a velocity can be expressed as in Komanduri and Hou ͓15͔.
Komanduri and Hou ͓16͔ modified the coordinate system of Hahn's solution for an oblique band heat source in an infinite medium to simplify the derivation of equations for shear plane heat source ͑q shear ͒ which is moving in a semi-infinite medium where the work surface and the chip surface are the boundaries of a semi-infinite medium. However, since those boundaries were not considered in Hahn's solution, an appropriate image heat source is added to the model as shown in Fig. 2 . The temperature rise at any point M͑X , Z͒ caused by the moving line heat source is due to the combined effect of the primary and image heat sources and can be calculated using Eq. ͑3͒.
͑3͒
Heat intensity at primary shear zone due to shearing can be modeled uniformly as
Komanduri and Hou ͓16͔ proposed that oblique band heat source moving at chip velocity V c can be used to model temperature rise at any point on the chip, and oblique band heat source moving at cutting velocity V can be used to model temperature rise at any point in the workpiece due to primary heat source. In this study, it is assumed that all of the deformation energy caused by shearing in primary shear zone is converted into heat. The effect of secondary heat source is modeled by considering tool-chip interaction. Chao and Trigger ͓11͔ assumed uniform heat intensity with nonuniform heat partition ratio at the tool-chip interface, and they used the functional analysis method to find a temperature distribution along the tool-chip interface. Komanduri and Hou ͓16͔ extended the functional analysis based on the work of Chao and Trigger. However, because of the presence of plastic and elastic zones along contact length, secondary heat source cannot be assumed as uniform. Recently, Huang and Liang ͓18͔ used the nonuniform heat intensity along tool-chip interface in their model by converting uniform shear stress distribution to an assumed shear stress distribution without calculating the actual length of sticking zone, but by using recommended values from other studies. Figure 3͑a͒ shows the heat transfer model of the frictional heat source at the tool-chip interface on the chip side. The interface frictional heat source relative to the chip is a band heat source moving with velocity V c . Considering the heat partition fraction for the chip B͑x͒, the heat liberation rate B͑x͒q pl ͑x͒ of the movingband heat source is considered to be transferred into the chip. Since the chip thickness t c is small, the boundary effect of the upper surface of the chip can be taken into account by adding an image heat source. The upper surface boundary of the chip is considered to be adiabatic. The temperature rise at any point Transactions of the ASME M͑X , Z͒ in the chip side is caused by the frictional moving heat source and its image heat source can be found as
ͪͬdli ͑5͒ Figure 3͑b͒ shows the heat transfer model of the frictional heat source at the tool-chip interface on the tool side. The interface frictional heat source relative to the tool is a stationary rectangular heat source. The tool clearance face is considered to be adiabatic. Considering the heat partition fraction for the chip ͓1−B͑x͔͒, the heat liberation rate ͓1−B͑x͔͒ q pl ͑x͒ of the heat source is considered to be transferred into the tool. The temperature rise at any point M͑X , Y , Z͒ in the tool caused by the frictional stationary heat source including its image heat source, given as
͑6͒
In order to find the temperature rise in the tool caused by the shear plane heat source, heat coming from the shear plane heat source can be modeled as an induced stationary heat source located at the tool-chip interface. For the induced heat source, Eq. ͑6͒ can be used with some modifications where initially the heat intensity of the induced heat source is unknown but the average temperature rise caused by it at the tool-chip interface is known. The latter is obtained during the calculation of the temperature rise distribution in the chip at the tool-chip interface on the chip side as detailed in Eq. ͑5͒. Due to continuity of the heat flow, the temperature rise distribution at the tool-chip interface on the tool side is the same as that on the chip side. Therefore, the average heat liberation intensity of the induced heat source and heat partition ratios along tool-chip interface can be calculated. By using the information of average temperature equality at the interface, induced heat intensity of shear plane heat source can be calculated. Using the above equations by considering z = 0 and y = 0, the local temperature rise at each point along the tool-chip interface can be calculated. Since the average temperature rise on both sides at the contacting interface should be the same, the distribution of the heat partition ratio can be calculated either numerically by satisfying Eq. ͑7͒ along every point on tool-chip interface or by assuming an expression for heat partition ratio and calculating the parameters of this expression by matching the temperature distribution curves on the tool and chip sides as in Komanduri and Hou ͓16͔.
In order to ease application a common coordinate system should be chosen. The common coordinate system for the combined effect of primary and secondary heat sources is given in Fig. 4 . Nonlinear heat intensity of the secondary heat source, which is dependent on shear stress distribution on the tool-chip interface, will be calculated analytically. This approach is the refinement on the Komanduri and Hou ͓16͔ model in this study. Calculation of the shear stress distribution and the lengths of sticking and sliding zones, shown in Fig. 5 , will be explained next.
Therefore, with the calculated heat partition ratios, the temperature rise at any point in the chip can be calculated with Eq. ͑8͒. 
The temperature rise at any given point in the tool can be calculated by
Analytical Modeling of the Cutting Process
A simplified illustration based on experimental observations of the plastic deformation for the formation of a continuous chip when machining a ductile material is given in Fig. 6 . Oxley ͓4͔ assumed that the primary zone is a parallel-sided shear zone and the secondary deformation zone adjacent to the tool-chip interface is caused by the intense contact pressure and frictional force, which causes further plastic deformation.
Based on Oxley's model, the average value of the shear strain rate along AB is
The shear velocity V s along the shear plane is
Given by Eq. ͑12͒, l AB is the length of primary zone AB, and can be calculated from geometry as
and C 0 is a constant representing the ratio of the thickness of the primary zone to the length of plane AB. Cut chip thickness can be estimated from Eq. ͑13͒ for a given shear angle as
and the strain in the middle of the primary shear zone is given as
In the primary zone, the flow stress on plane AB can be calculated by using Eq. ͑1͒ and the average value of shear stress at AB according to the Von Mises criterion can be calculated as
͑15͒
The shear force along AB may be calculated as
The hydrostatic pressures at A and B are
The angle between the resultant force and the direction of the primary shear zone can be obtained using the known pressure distribution and shear stress along the shear plane.
and after necessary differentiations
In Eq. ͑21͒ the derivation ‫ץ‬T / ‫␥ץ‬ should be computed numerically. The constant C 0 can be found by using the relation given in Eq. ͑22͒ ͓20͔
where k u is the shear stress at upper boundary ͑EF in Fig. 6͒ and k l shear stress at lower boundary ͑CD in Fig. 6͒ of the primary shear zone. In order to find k u , strain at EF can be approximated by Eq. ͑23͒ and strain rate can be assumed to be constant all along the primary shear zone ͓20͔, 
͑23͒
and T EF can be calculated analytically from its coordinates in the chip. Forces acting on the shear plane and the tool with assumed resultant stress distributions on the tool rake face are given in Fig. 7 . The distance between point B and the point where R cuts the shear the plane X sh can be found by taking moments about the cutting edge of the normal stresses on the shear plane AB
and the distance from the cutting edge to the point where the resultant force R intersects the tool cutting face X fr can be found from geometry as given in Li ͓21͔
The normal ͑F N ͒ and tangential ͑F͒ components of the resultant cutting force ͑R͒ on the tool rake face, cutting force F c and thrust force F t can be obtained
Interfacial friction on the tool rake face is not continuous and is a function of the normal and frictional stress distributions. According to Zorev ͓3͔, the normal stress is greatest at the tool tip and gradually decreases to zero at the point where the chip separates from the rake face as shown in Fig. 7 . The frictional shearing stress distribution is more complicated. Over the portion of the tool-chip contact area near the cutting edge, sticking friction occurs, and the frictional shearing stress int is equal to the average shear flow stress at tool-chip interface in the chip k chip . Over the remainder of the tool-chip contact area, sliding friction occurs, and the frictional shearing stress can be calculated using the coefficient of friction e . The normal stress distribution on the tool rake face can be described by
where N max is given by Oxley ͓4͔ as
Unknowns in Eq. ͑27͒ are l c and a, which require two equations to solve. Integrating the normal stress along the entire tool-chip contact length yields the relation in Eq. ͑29͒, which is equal to normal force on the tool rake face
Also taking the moment according to point B
and denoting
From Eqs. ͑29͒ and ͑30͒, the contact length along the tool-chip interface l c and the exponent a can be obtained as
The shear stress distribution on the tool rake face illustrated in Fig. 7 can be represented in two distinct regions: ͑a͒ in the sticking region int ͑x͒ = k chip and when e N ͑x͒ ജ k chip , 0Ͻ x ഛ l P , ͑b͒ in the sliding region int ͑x͒ = e N ͑x͒ and when e N ͑x͒ Ͻ k chip , l P Ͻ x ഛ l c . Here int is the shear stress of the material at the tool-chip interface, and it is related to the frictional force between the chip and the tool, F F , as 
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The relation between the average coefficient of friction in the sliding region e and int is also given in
Combining Eqs. ͑36͒ and ͑37͒ leads to the expression for int as shown in
The chip velocity can be calculated as
According to Oxley ͓4͔, the average shear strain rate and shear strain are considered constant and can be estimated from Eqs. ͑38͒ and ͑39͒ in the secondary zone.
The flow stress at tool chip interface k chip can be found by utilizing Eq. ͑1͒ 
Solution of the Combined Thermal and Analytical Modeling of the Cutting Process
For the proposed orthogonal machining model, cutting conditions, and the material properties of the workpiece are the inputs. The outputs are process related variables, such as shear angle, contact length, cutting forces, tool stress distributions, and temperature distribution in the chip and along the tool-chip interface. The shear angle, strain rate constant, and the ratio of thickness of the tool-chip interface plastic zone to chip thickness are selected based on the minimum force principle. As discussed above, the temperature rise along shear zone ͑X , Z͒ can be calculated as given in Eq. ͑3͒. The average temperature in primary shear zone can be found by integrating Eq. ͑3͒ along the shear length, given as
The heat partition ratio expression B͑X͒ is adopted from Komanduri and Hou ͓16͔ and given in
In this expression, the coefficients B chip , ⌬B 1 , and m i should be calculated by matching the temperature distribution curves as much as possible along the tool-chip interface. The discussions about this expression are given in Komanduri and Hou ͓16͔. Once the B͑x͒ expression is calculated, the average temperature on the tool chip interface can be found as
The thermal conductivity ͑ c ͒ and thermal diffusivity ͑a c ͒ coefficients of the workpiece are considered to be constant in the thermal model, but in fact they depend on temperature. An iterative approach is used in calculation of the temperatures. For example, an average temperature for the primary shear zone is predicted, thermal conductivity and diffusivity at that predicted average temperature are found and actual average temperature is calculated by using these constants. The iteration continues until the predicted and average temperature calculations are close, as shown in the flow chart given in Fig. 8 . Thermal conductivity of the carbide tool is taken constant as 0.4 J / cm s°C. The shear angle is determined according to the fact that the tool-chip interface shear stress int caused by the resultant cutting force for a given set of cutting conditions must be equal to the chip material flow stress k chip at the sticking region, which is the function of strain, strain rate, and temperature at the interface for the same cutting condition. Since heat intensity is required to obtain temperature distribution in the primary shear zone, shear force is found through trial and error until assumed and calculated shear forces are identical. The search for the true value of will go through iterations until the calculated interface shear stress and the material shear flow stress are equal. If there is more than one shear angle that satisfies the above condition, the highest angle is chosen. Reasonable values of C 0 and ␦ are also searched iteratively at the same time to simultaneously satisfy the conditions. The flow chart of this approach is summarized in Fig. 9 .
Model Validation and Results
In order to validate the predictive thermal and analytical modeling approach for metal cutting processes presented in this paper, a set of orthogonal cutting experiments for machining AISI 1045 steel ͓23͔, AL 6082-T6 aluminum alloy ͓20,24͔, and AL6061-T6 aluminum alloy ͓20͔ is utilized. Experimental data include measured cutting and thrust forces and average temperatures on the shear plane and at the tool-chip interface.
Model Validation for Steel
Machining. The cutting conditions for machining AISI 1045 are given in Table 2 . In these cutting conditions, machining with both a negative ͑−7 deg͒ and a positive rake ͑5 deg͒ angle were tested. Chip thickness and shear angle were calculated as presented in Table 2 . The predicted temperatures are compared with experimental values in Table 3 . The predicted forces are compared with the experiments for machining AISI 1045 steel as shown in Fig. 10 . The comparison with the measured forces shows that the force predictions are in close agreement. The measured temperatures and the predicted temperatures at the tool-chip interface in machining of AISI 1045 steel indicate agreements for Tests 1, 2, and 4. However, more refined measurements of temperature distributions during the cutting process are needed to validate predicted temperature distributions and heat partitions. Such measurements for machining of AISI 1045 steel were performed by Davies et al. ͓25͔ . Figure 10 shows the cutting and thrust force predictions of the proposed model under AMM test ͓23͔ conditions. For the cases presented, the predicted forces are in good agreement with the experimental values and always remain within upper and lower limits ͓27,28͔. In addition, the predictions for normal stress distribution on the tool rake face for machining AISI 1045 steel are given in Table 4 and Fig. 11 . The predicted normal stress distributions depict that the power law exponent a is less than 1 for machining at negative rake angles and greater than 1 for machining at positive rake angles. This behavior affects temperature predictions since nonuniform heat partition at the tool-chip interface is obtained from normal stress distributions on the tool rake face.
The temperature distributions in the tool, chip, and workpiece can be obtained by dividing the tool, chip, and workpiece into small increments and calculating the temperature rise at every point. Figure 12 shows the temperature distributions in the chip, tool and workpiece.
The nonuniform heat partition distribution at the tool-chip interface is given in Fig. 13 and variation of heat partition ratio is shown in Fig. 14 . When uniform heat intensity is used in thermal modeling maximum temperature is obtained close to the end of the tool-chip interface. Due to nonlinear heat intensity modeling, where the length of the sticking zone is considered, the location of maximum temperature gets closer to the middle of the tool chip interface. The temperature rise distribution along the tool-chip interface for chip and tool side is shown in Fig. 13 . The discrepancy between temperature rise curves can be reduced by using a heat partition expression, which has higher power terms.
Model Validation for Aluminum Machining.
The cutting conditions for machining AL6082-T6 that are adapted from Adibi-Sedeh et al. ͓20͔ and Jaspers and Dautzenberg ͓24͔ are given in Table 5 . The predicted forces, temperatures and parameters of normal stress distributions are presented in Tables 5 and 6 for machining AL6082-T6. The temperature distributions in the chip, tool, and workpiece for AL-6082-T6 ͑test 2͒ are given in Fig. 15 .
The model validation is also performed on machining AL6061-T6 aluminum alloy. The cutting conditions for machining AL6061-T6 that are adapted from Adibi-Sedeh et al. ͓20͔ are given in Table 7 . The predicted forces, temperatures, and parameters of normal stress distributions are presented in Tables 7 and 8 for machining AL6082-T6. The temperature distributions in the chip, tool and workpiece for AL-6082-T6 ͑test 3͒ are given in Fig. 16 .
Conclusion
This paper combines oblique moving band heat source theory with nonuniform heat intensity at tool-chip interface and modified Oxley's parallel shear zone theory to predict cutting forces, stress, and temperature distributions. The proposed methodology has been applied to two different materials, and promising results in close agreement with experimental results have been obtained. As a major contribution, the methodology proposed here predicts detailed temperature distributions for machining of AISI 1045 steel, AL-6082-T6, and AL 6061-T6, aluminum alloys as shown in Figs. 12, 15, and 16 . The model provides significant advantages from the tool wear modeling point of view. 
